Chicken embryos kept in culture medium were bombarded using a high helium gas pressure biolistic device. To optimize the factors that affect transformation efficiency, the lacZ gene under control of the human cytomegalovirus immediate early enhancer/promoter was used as a reporter gene. There was an inverse relationship between survival rate and transformation efficiency. The best conditions obtained for high embryo survival and high transformation efficiency were achieved with 800 psi helium gas pressure, 500 mmHg vacuum, gold particles, an 8 cm DNA-coated microparticle flying distance to the embryo and embryo placement 0.5 cm from the center of the particle dispersion cone. Under these conditions, transformation efficiency was 100%, survival rate 25% and the number of expression units in the embryo body cells ranged from 100 to 1,000. Expression of green fluorescent protein was also detected in embryos bombarded under optimal conditions. Based on the results obtained, the biolistic process can be considered an efficient method for the transformation of chicken embryos and therefore can be used as a model system to study transient gene expression and tissue-specific promoters.
Introduction
Various techniques have been developed and used to introduce exogenous genes into animal cells, aiming not only to study basic biological processes and gene regulation but also to produce transgenic animals. Methods using retrovirus infection and microinjection into the pronuclei of newly fertilized eggs are used when integration and stable gene expression are desired to produce transgenic animals (1) . However, when transient gene expression is desired, other methods such as calcium phosphate coprecipitation, lipofection, electroporation and biolistic processes are used to transfer DNA in a variety of animal species (2) (3) (4) (5) (6) (7) .
In chickens, retrovirus infection has been successfully used to insert exogenous genes into the germline of young embryos (8, 9) . Likewise, DNA transfer to blastoderm cells (10) , primordial germ cells (11, 12) and somatic cells (13, 14) have been obtained. Direct microinjection of exogenous DNA into newly fertilized zygotes has also been developed; however, integration of this DNA into the germline is a rare event (15, 16) . Other methods such as in ovo lipofection (4), electroporation (5, 6) and biolistic processes (5, 7, 17) have been used in chicken embryos and adult chicken (18) ; however, only transient expression has been studied.
The biolistic process is a physical method used to introduce nucleic acids and other substances into cells or intact tissues through highly accelerated microparticles. This method, developed by Sanford and collaborators (19) , has been widely applied and optimized in a variety of animal species (for reviews, see 20, 21) due to its advantages, such as simultaneous bombardment of many cells, release of high doses of DNA, cotransformation with two or more plasmids, and independence concerning the use of genotypes, specific culture and tissue protocols (3, 22, 23) .
To assure the efficiency of DNA release within the cells and to reduce the harmful effects of this technique, optimization of physical and biological factors is necessary to obtain reproducible and consistent results (3, 24) . The present report describes the development and optimization of an in vitro biolistic process of gene transfer to cultured live chicken embryos.
Material and Methods

Chicken embryos
Fertilized chicken eggs of the AgRoss lineage were incubated at 38 o C for 42 h. Embryos with 13 to 16 somites (developmental stage 11 or 12, Ref. 25) were removed from the eggs, transferred to a Petri dish containing culture medium (0.36% NaCl, 1% bacto-agar and 50% thin albumen), bombarded and incubated again at 38 o C.
Expression vectors
Two plasmids were used to evaluate transient expression of two exogenous genes, the lacZ gene from Escherichia coli (pCMVß) and the green fluorescent protein (GFP) gene from Aequorea victoria (pEGFP-N1). Both genes were under control of the human cytomegalovirus (CMV) immediate early gene promoter/enhancer. The pCMVß plasmid was used for the experiments in order to optimize bombardment conditions. The protocol for plasmid precipitation onto gold or tungsten particles using CaCl 2 and spermidine was described by Aragão et al. (26) .
Bombardment conditions
A high-pressure helium gas apparatus based on the design described by Sanford et al. (27) was used to bombard the embryos. The distance from rupture and carrier membranes was 0.6 cm. Carrier membrane flying distance to the stopping screen was 2.0 cm, and distances from the carrier membrane to the embryo, corresponding to the DNAcoated microparticle flying distance to the embryo, were 8.0 and 11.0 cm.
Two microparticle types were tested for plasmid precipitation: gold with diameters of 1.5 to 3.0 µm and tungsten with a diameter of 1.2 µm (M10, Sylvania Inc., New York, NY, USA).
ß-Galactosidase and GFP activities
ß-Galactosidase (ß-gal) activity was detected by a histochemical assay. Embryos were fixed in a 4% paraformaldehyde solution for 5 min at 4 o C, followed by staining for 4 h at 37 o C with a chromogenic substrate containing 100 mM sodium phosphate, 1.3 mM MgCl 2 , 3 mM K 4 Fe(CN) 6 , 3 mM K 3 Fe(CN) 6 , and 1 mg X-gal (5-bromo-4-chloro-3-indolyl-ß-galactopyranoside)/ml. ß-Gal expression was detected histochemically by the hydrolysis of X-gal to produce insoluble indigo. The resulting blue color indicated the location of ß-gal activity in transformed cells. For light microscopic examination, embryos were embedded in LR white resin for transverse sectioning at 6 µm thickness.
GFP activity was analyzed 24 h after bombardment, with no need for fixation or staining procedures. This protein was detected in live embryos with a fluorescent microscope. The synthesized fluorescent protein has a maximum excitation at 488 nm and maximum emission at 507 nm.
Transformation was verified by the absence or presence of blue points (for ß-gal) or green fluorescent points (for GFP), representing gene expression in a cell or group of cells (expression units). Embryos that showed reporter gene activity were classified into two categories: 1) expression in embryo body or extra-embryonic tissue or both (total expression), and 2) expression in embryo body.
Embryos that were completely degenerated at the time of fixation were discarded as it was not possible to determine if they expressed ß-gal. These embryos were not considered in the calculation of survival rate or percentage of embryos expressing ß-gal. Survival rate was verified by the presence of embryos with a heartbeat at the time of fixation. Non-bombarded embryos were used as negative control and did not show any staining or fluorescence.
Statistical analysis
Data concerning percentages of discarded embryos, survival rate and transformation efficiency were analyzed statistically by the chi-square test (28) .
Results and Discussion
Different bombardment conditions were tested to maximize the number of transformed cells while maintaining tissue damage at an acceptable level. This testing is necessary because each species or cell type requires different conditions for DNA transfer (23, 24, 29, 30) .
Parameters that affect transformation efficiency are velocity at which the microparticles reach the target, quantity of cells transformed and the effect of the shock wave on the targeted tissue. These parameters are controlled by a group of factors that interact amongst themselves, such as target positioning in relation to the center of the particle dispersion cone, microparticle size, DNAcoated microparticle flying distance to the target, helium gas pressure and vacuum inside the bombardment chamber (3).
Embryo position relative to the center of the particle dispersion cone
Experiments were initiated with gold microparticles, 8 cm DNA-coated microparticle flying distance to the embryo, three helium gas pressures (900, 1200 and 1500 psi), partial vacuum of 500 mmHg and two embryo positions relative to the center of the particle dispersion cone (1 and 2 cm). The center was not tested because according to Russell et al. (31) cells are seriously damaged in this area, becoming incapable of later division or growth.
Results in Table 1 show that all embryos placed at a distance of 1 cm presented ß-gal activity. At this distance, 900 psi pressure produced the largest number of embryos expressing ß-gal in the body cells (88.9%). On the other hand, 1500 psi pressure produced the best results in embryos placed at 2 cm with 100% transformation efficiency compared to 62.5% for embryos under 1200 psi. Although embryos positioned at 1 cm showed better transformation efficiency and more transformed cells, tissue development was seriously hindered. In contrast, embryos placed at 2 cm from the center of the particle dispersion cone presented normal tissue development but few transformed cells. These results show an inverse relationship between number of transformed cells and damage to embryo development. In other words, the larger the number of transformed cells the greater the damage the embryos suffer. Russell et al. (31) and Gendreau et al. (32) observed the same phenomenon. Another important observation was the reduced num-ber of transformed cells in embryos placed at 2 cm. This result could have been due to nonhomogenous microparticle dispersion since only a small number of particles reach the more distant embryos.
Tungsten microparticles
In an attempt to reduce damage to the embryo during bombardment, tungsten particles, which have a smaller diameter (1.2 µm) than gold, were tested. ß-Gal expression was analyzed in 12 embryos bombarded with 900 psi helium gas at 500 mmHg and placed 1 cm from the center of the particle dispersion cone. Results showed that 75% of the bombarded embryos were transformed and all presented ß-gal expression in the body cells. The number of expression units varied from 5 to 20 in the embryo body and from 20 to 50 in extra-embryonic tissue. Most embryos had a heartbeat 24 h after bombardment as well as a small delay in tissue development (data not shown).
DNA-coated microparticle flying distance to the embryo
In order to increase the number of expression units in the embryo body, the DNAcoated microparticle flying distance to the embryo was increased from 8 to 11 cm because the greater the distance traveled by the microparticles the greater the particle dispersion area upon reaching the target (3).
Helium gas pressures of 900 and 1200 psi and a partial vacuum of 500 mmHg were used to evaluate ß-gal expression in embryos bombarded at 1 and 2 cm from the center of the particle dispersion cone ( Table 2 ). ß-Gal was expressed only in embryos bombarded at 1 and 2 cm from the center of the particle dispersion cone under 1200 psi. The 900 psi pressure proved to be very inefficient in transforming embryos placed at 2 cm because none of the embryos expressed ß-gal activity. Most of the embryos, regardless of the conditions used, presented normal tissue development and a heartbeat at the time of fixation (24 h after bombardment). The number of expression units varied from 4 to 30 in the embryo body and from 10 to 40 in the extra-embryonic tissue.
Under these new conditions, embryo damage was minimized, but at the same time transformation efficiency and the number of transformed cells were reduced.
Placement of embryos 0.5 cm from the center of the particle dispersion cone
As the use of smaller tungsten particles and a longer flying distance (11 cm) reduced embryo damage, a new series of experiments Table 1 . Effect of helium pressure on ß-galactosidase (ß-gal) expression in embryos placed 1 and 2 cm from the center of the particle dispersion cone, using gold particles and 500 mmHg vacuum. was conducted to evaluate transformation efficiency and survival rate of embryos placed 0.5 cm from the center of the particle dispersion cone. Bombardment conditions were 600 and 900 psi helium gas pressures and partial vacuum of 500 mmHg. Under these conditions, transformation efficiency was low for both pressures tested (37.5% with 600 psi and 45.4% with 900 psi). The number of expression units was also very small for both embryo body and extra-embryonic tissue (less than 10 blue points). However, most embryos had normal tissue development and a heartbeat at the time of fixation (24 h after bombardment).
The smaller number of expression units as well as the low transformation efficiency obtained in this experiment may have been due to particle deceleration resulting from the 11-cm distance traveled. Tests with increasing helium gas pressures were not conducted because higher pressures cause greater embryo damage (3, 31) . Therefore, the DNAmicroparticle flying distance to the embryo was again reduced to 8 cm. Another modification was the use of gold particles instead of tungsten. Particle material was changed because gold particles presented better results in previous experiments and have been more widely used in the literature for animal cells (33, 34) .
Using gold particles, 11 embryos were bombarded with 900 psi helium gas pressure, 500 mmHg vacuum and placement 0.5 cm from the center of the particle dispersion cone and 8 cm from the carrier membrane. All embryos bombarded presented enzymatic activity in both body cells and extra-embryonic tissue, representing a transformation efficiency of 100%. The number of expression units varied from 20 to 200 in the embryo body and from 150 to 300 in the extraembryonic tissue, with a very homogeneous dispersion pattern. At the time of fixation (18 h after bombardment) no serious tissue damage was noted; however, embryos did not have a heartbeat and presented a slight delay in tissue development. Based on these results, we can conclude that the conditions used in this experiment compared to those of previous tests achieved the best results regarding transformation efficiency, number of transformed cells and homogenous distribution of expression units throughout the embryos and extra-embryonic tissue. However, embryos still presented delayed tissue development and low survival rate.
Helium gas pressure
In order to reduce damage to the embryo, lower helium gas pressures were tested while maintaining the other variables unchanged. Table 2 . Effect of helium pressure on ß-galactosidase (ß-gal) expression in embryos placed 1 and 2 cm from the center of the particle dispersion cone, using M10 tungsten particles and 500 mmHg vacuum. Table 3 . Effect of helium pressure on percentage of discarded embryos, survival rate and ß-galactosidase (ß-gal) expression in embryos placed 0.5 cm from the center of the particle dispersion cone, using gold particles and 500 mmHg vacuum. 1 Number of degenerated embryos 12 h after bombardment/total number of bombarded embryos. 2 Number of embryos with a heartbeat 12 h after bombardment/number of bombarded embryos -excluding the discarded ones. 3 Number of embryos expressing ß-gal/number of bombarded embryos -excluding the discarded ones. 4 Number of embryos expressing ß-gal in body cells/number of bombarded embryos -excluding the discarded ones. DNA-coated microparticle flying distance to the embryo was 8 cm.
Fifty-two embryos were bombarded with 600, 700 and 800 psi helium pressures, vacuum of 500 mmHg, gold particles, placement of the embryos 0.5 cm from the center of the particle dispersion cone and 8 cm DNAcoated microparticle flying distance to the embryo. At the time of fixation (12 h after bombardment), the quantity of discarded embryos varied from 18.7 to 44.4% and the survival rate from 33.3 to 60.0% (Table 3) . However, these differences were not statistically significant among the three pressures tested for either the quantity of embryos discarded or the survival rate (? 2 = 2.545 and 1.783, respectively, d.f. = 2). Concerning ß-gal expression, all pressures presented 100% transformation, but only the 600 psi pressure had 100% ß-gal expression in the embryo body cells. However, statistically there were no differences among the three pressures tested (? 2 = 1.282, d.f. = 2). Nevertheless, as can be seen in Figure 1 , when the number of expression units in the body cells is observed, only 800 psi pressure presented embryos with more than 1,000 blue points (Table 4) .
Based on these results, optimal pressure was 800 psi. However, at the time of fixation, it was observed that most embryos bombarded under this pressure, despite not having suffered any serious tissue damage, showed developmental delay.
Vacuum level
In order to reduce developmental delay in the embryos, three different vacuum levels were tested with 800 psi pressure: 400, 500 and 600 mmHg.
The least amount of discarded embryos as well as a higher survival rate was obtained with 400 mmHg vacuum. These results were expected because the lower the vacuum level the greater the air resistance and thus the slower the velocity at which the particles reach the embryo. Consequently, effects of the shock wave caused by the helium pressure are minimized, causing less embryo damage. Statistically, however, there were no differences among the different vacuum levels tested for the number of discarded embryos (mean = 25.9%; . The effect of vacuum on ß-gal expression can only be noted by the number of expression units in the body cells. The only treat-ment in which no embryo reached 1,000 expression units in the body cells was 400 mmHg vacuum. Differences between 500 and 600 mmHg vacuums were verified as a function of the damage caused to the embryo tissue. Embryos bombarded with 600 mmHg presented greater tissue damage at the time of fixation (24 h after bombardment). On the other hand, embryos bombarded with 500 mmHg presented a slight delay in development but no serious tissue damage (data not shown).
Optimal conditions
To determine the reproducibility of data generated under the optimized bombardment conditions, 70 embryos, placed 0.5 cm from the center of the particle dispersion cone and 8 cm from the carrier membrane, were bombarded with 800 psi helium pressure and 500 mmHg vacuum and then incubated for 24 h in culture medium before detection of ß-gal activity.
The results showed a decrease in survival rate compared with Table 3 (from 40.0 to 25.4%). However, this difference was not statistically significant (? 2 = 1.880, d.f. = 1). The same results were obtained for total expression and expression in body cells. In spite of a decrease in the values obtained from 100 to 98.5% for total expression and 94% for expression in body cells, the ? 2 values were not significant (? 2 = 1.003 and 1.560, respectively, d.f. = 1). A representative embryo bombarded under optimal conditions is shown in Figure 1C .
The following conditions were shown to be the best regarding transformation rate, number of transformed cells and damage to bombarded tissue: 800 psi helium gas pressure, 500 mmHg vacuum, and embryo placement 8 cm from the carrier membrane and 0.5 cm from the center of the particle dispersion cone. These were considered to be the optimal conditions for in vitro gene transfer in chicken embryos. Table 4 . Effect of helium pressure on number of expression units in body cells of embryos placed 0.5 cm from the center of the particle dispersion cone, using gold particles and 500 mmHg vacuum.
Helium pressure (psi) N 1 Embryos with expression in body cells (%)
10 to 100 e.u. 100 to 1,000 e.u. over 1,000 e.u. 1 Number of bombarded embryos, excluding the discarded ones. DNA-coated microparticle flying distance to the embryo was 8 cm. e.u. = expression units.
Histological sections
Histological sections were prepared to analyze the depth of ß-gal expression in embryos bombarded under optimal conditions. Histological transverse sectioning of the middle region of the embryo body revealed that most cells expressing ß-gal were limited to the first layers of the somites (Figure 2) , which demonstrates that the depth of ß-gal expression was superficial because the embryos were placed dorsally at the time of bombardment. These results were also observed in skin, ear and liver tissues of bombarded mice (30) and mouse skeletal muscle fibers (35) , where the introduced genes were found at a depth between 0.2 and 0.5 mm from the surface of the tissue.
GFP expression
The technique optimized using the lacZ gene was then applied in new bombardments with the GFP gene. Results were very similar to those obtained with ß-gal. The synthesized protein was detected in the embryo body cells as well as in the extra-embryonic tissue. The quantity of cells expressing the protein varied from 10 to 100 expression units (green points) in the embryo body cells and extra-embryonic tissue. Figure 3 illustrates the dorsal middle region of an embryo, depicting GFP expression in the neural tube, somites and extra-embryonic tissue. These results were expected as both genes were under the transcriptional control of the same promoter and under the same bombardment conditions. DNA transfer to chicken embryos cultivated in culture medium was successful. The CMV promoter used caused strong expression in all embryo and extra-embryonic tissues, and the lacZ and GFP reporter genes were easily detected. An efficiency of transformation of 100% and a survival rate of approximately 25% were obtained with gold particles, 500 mmHg vacuum, 800 psi helium pressure, and embryo placement 8 cm from the carrier membrane and 0.5 cm from the center of the particle dispersion cone. All efforts to improve the level of transformation using higher helium pressure or vacuum resulted in more expression but lower survival rates. Use of smaller particles to reduce embryo damage was unsuccessful because it resulted in lower transformation efficiency. Embryo position relative to the center of the particle dispersion cone was an important parameter for optimization since embryos placed 2 cm from the center presented lower transformation efficiency. Efforts to improve particle dispersion by increasing the distance of DNA-coated microparticles from the embryo resulted in fewer transformed cells. Previous reports have shown that the biolistic process can be used to transfer genes to chickens in ovo (5, 7, 17) . Li et al. (17) transformed primordial chicken embryo cells using an adapted surgical syringe and were able to detect the transgene in 7.5% of the bombarded embryos. Muramatsu et al. (5) used tungsten particles and 285 psi nitrogen to obtain 45.8% transformation efficiency and 42.9% survival rate. However, these values as well as the number and intensity of expression units were lower than those reported by Ribeiro et al. (7) . These investigators obtained 68% transformation efficiency, 31.2% survival rate and an average of 100 expression units in the embryo body using gold particles, 600 mmHg vacuum and 600 psi helium pressure. Under our conditions, a greater number and intensity of expression units were obtained. The fact that in our study the embryos had been removed from the eggs and bombarded in culture without the overlying layer of albumen could account for the difference between our results and those of other studies.
This report demonstrates the possibility of introduction and transient expression of a foreign gene in chicken embryos in culture medium using the biolistic process. Optimal bombardment conditions were obtained in order to establish a transformation system in chickens as a model for basic avian research, using a noninfectious, nonreplicative vector. In vitro transient gene expression introduced into cultured embryos may be adequate or desirable for many potential applications such as preliminary experimental studies of transgene expression, analyses of transcriptional control elements, expression of a circulating factor for a limited period and characterization of the in vitro expression of a specific promoter in various somatic tissues of avian embryos.
